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Peculiar Width Dependence of the Electronic Property of Carbon Nanoribbons 
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Nanoribbons (nanographite ribbons) are carbon systems analogous to carbon nanotubes. We 
characterize a wide class of nanoribbons by a set of two integers (p, <?), and then define the width 
w in terms of p and q. Electronic properties are explored for this class of nanoribbons. Zigzag 
(armchair) nanoribbons have similar electronic properties to armchair (zigzag) nanotubes. The 
band gap structure of nanoribbons exhibits a valley structure with stream-like sequences of metallic 
or almost metallic nanoribbons. These sequences correspond to equi-width curves indexed by w. 
We reveal a peculiar dependence of the electronic property of nanoribbons on the width w. 



I. INTRODUCTION 

Nanometric carbon materials exhibit vari- 
ous remarkable properties depending on their 
geometr}iii2i2i4iSiSiii2i2iifliii. In particular, intensive 
research has been made on carbon nanotubes 3 in the last 
decade. Carbon nanotubes are obtained by wrapping a 
graphene sheet into a cylinder form. The large interest 
centers their peculiar electronic properties inherent to 
quasi-one-dimensional systems. 

A similarly fascinating carbon system is a stripe of 
a graphene sheet named nanographite ribbons, graphene 
ribbon or nanographene^2i±2i±ii±£i±fii±L±2i±&. We call them 
carbon nanoribbons in comparison with carbon nan- 
otubes. They can be manufactured by deposition of nan- 
otubes or diamonds22i2iiSSiSi. Experimental studies have 
begun only recentl)*2ii2Si2£i21. Nanoribbons have a higher 
variety than nanotubes because of the existence of edges. 
Wide nanoribbons with zigzag edges have been argued to 
possess the flat band and show edge ferromagnetismi^. 
Though quite attractive materials, their too rich variety 
has made it difficult to carry out a systematic analysis of 
carbon nanoribbons. 

In this paper we make a new proposal to character- 
ize a wide class of nanoribbons by a set of two integers 
(p, q) representing edge shape and width. The width 
w is defined in terms of p and q. We present a sys- 
tematic analysis of their electronic property in parallel 
to that of nanotubes. Carbon nanotubes are regarded 
as a periodic-boudary-condition problem while carbon 
nanoribbons are as a fixed-boudary-condition problem. 
By calculating band gaps they are shown to exhibit a va- 
riety of properties in electronic conduction, from metals 
to typical semiconductors. Several sequences of metallic 
or almost metallic (MAM) points are found in the valley 
of semiconducting nanoribbons. We reveal a peculiar de- 
pendence of the electronic property of nanoribbons on the 
width w. For instance, these sequences and equi-width 
curves become almost identical for wide nanoribbons. We 
also point out that the distribution of van-Hove singular- 
ities as a function of w shows a peculiar stripe pattern. 

This paper is composed as follows. In section |H] we 
characterize a wide class of nanoribbons by a set of two 
integers (p, q) and introduce the width w. In section 
IIIIl making a numerical study, we present an overview 



of the band gap structure for this class of nanoribbons. 
In section llVl we compare nanoribbons with nanotubes. 
Zigzag nanoribbons, being indexed by (p, 0) with even 
p, correspond to armchair nanotubes; armchair nanorib- 
bons, indexed by (p, 1) with odd p, correspond to zigzag 
nanotubes. In section we discuss sequences of metallic 
points developed in the valley of semiconducting nanorib- 
bons, where the metallic points on the principal se- 
quence are derived analytically. In section we ana- 
lyze sequences of MAM points more in detail. The ra- 
th sequence starts from the metallic armchair nanotube 
(3ra — 1,1). It approaches the equi-width curve with 
w = n for wide nanoribbons. In section IvTTl we discuss 
edge effects. We take into account them in three ways: 
the nonuniform site energy, the nonuniform transfer en- 
ergy and the band filling factor. 




FIG. 1: (a) A typical structure of nanoribbons. A solid cir- 
cle stands for a carbon atom with one ty electron, while an 
open circle for a different atom such as a hydrogen. A closed 
area represents a unit cell. It is possible to regard the lattice 
made of solid circles as a part of a honeycomb lattice, (b) A 
nanoribon is constructed from a chain of m connected carbon 
hexagons, as depicted in dark gray, and by translating this 
chain by the translational vector T = dbga + b many times, 
as depicted in light gray, where q < m. A nanoribbon is in- 
dexed by a set of two integers (p, q) with p = m — q. Here we 
have taken m = 4, q = 2, p = 2. 
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II. CLASSIFICATION OF CARBON 
NANORIBBONS 

A carbon nanoribbon is a one-dimensional aromatic 
compound. We have illustrated a typical structure in 
Fig[lfa). It consists of carbon atoms of a honeycomb 
structure. A carbon on the edge is terminated by a dif- 
ferent atom such as a hydrogen so that it has no dan- 
gling bond. All carbon atoms are connected by a bonds 
between sp 2 hybridized orbit als of 2s, 2p x and 2p y , pro- 
viding with a framework of honeycomb lattice. On the 
other hand, the tt bond is formed between two 2p z or- 
bit als. The 7r bands cross the Fermi energy, while the a 
bands are far away from it. Hence it is a good approxima- 
tion to take into account only tt electrons to investigate 
electronic properties of nanoribbons. Each carbon atom 
has the complete shell and there is one electron per atom. 

Embedding them into a honeycomb lattice [FigGJb)], 
we classify nanoribbons as follows. An arbitrary lattice 
point on a honeycomb lattice is described by the lattice 
vector 



R = xa. + yb. 



(2.1) 



where a and b are primitive lattice vectors while x and 
y are integers [FigEfb)]. First we take a basic chain of 
m connected carbon hexagons, as depicted in dark gray. 
Second we translate this chain by the translational vector 



T = ±<?a + b, 



(2.2) 



as depicted in light gray, where q is an arbitrary inte- 
ger (q < m). Repeating this translation many times we 
construct a nanoribbon indexed by a set of two integers 
(p, g), where p = m — q. In what follows we analyze the 
class of nanoribbons generated in this way. 

The indices p and q specify the type of nanoribbons. 
The case with q = represents a zigzag nanoribbon with 
zigzag edge, while the case with q = 1 represents an 
armchair nanoribbon with armchair edge. The nanorib- 
bons with (1, 0), (1,1) and (2, 1) are known as polyacene, 
polyphenanthrene and polyperynaphthalen o 12 i 13 i 20 i 23 i 28 , 
respectively [Fig|2]. 

We propose to define the width of the nanoribbon by 



w = 2m sin 



2(p + q) 



3(2q+iy + 9 



(2.3) 



where is the angle between the basic chain and the 
translational vector, 



tan# 



2q + l' 



(2.4) 



as in FigQIb). There is a freedom to normalized the 
width. We have normalized the width of an armchair 
nanoribbon indexed by (p, 1) to be 



w 



P 



(2.5) 



(a) polyacene series 

o.o> axxxixcccccaxo 

(2,0) 

(b) polyphenanthrene series 



(3,1) 



(2,1) 



(4,1) 




FIG. 2: The geometric configuration of (a) the polyacene se- 
ries having zigzag edges, (b) the polyphenanthrene series hav- 
ing armchair edges, and (c) the polyperylene series having 
armchair edges. 



by the reason that becomes clear in Section lVll Then, the 
width of zigzag nanoribbons indexed by (p, 0) becomes 



w 



V 



(2.6) 



The width of a nanoribbon corresponds to the diameter 
of a nanotube. Though a nanoribbon is specified by two 
integers, we expect that the electronic property of wide 
nanoribbons is mainly controlled by the width w. 

The above classification rule is similar to that of 
nanotubes based on the chiral vector or the rolling 
up vectoBifiiiii 2 ^, but it is clearly different since some 
nanoribbons can not be rolled up into nanotubes. We dis- 
cuss the correspondence between nanoribbons and nan- 
otubes in Section llVl 



III. ELECTRONIC STRUCTURE OF 
NANORIBBONS 

We calculate the band structure of nanoribbons based 
on the nearest-neighbor tight-binding model, which 
has been successfully applied to the studies of carbon 
nanotubesifi. 

The tight-binding Hamiltonian is defined by 



H 



£ i c i c i 



E* 

(iJ) 



(3.1) 



where Si is the site energy, Uj is the transfer energy, and 
c\ is the creation operator of the tt electron at the site 
i. The summation is taken over the nearest neighbor 
sites In the case of nanotubes, constant values are 



taken for Si and Uj owing to their homogeneous geomet- 
rical configuration. Furthermore, since there exists one 
electron per one carbon, the band-filling factor is 1/2. 
In the case of nanoribbons, on the contrary, they would 
be modified by the existence of the edges, (a) The site 
energy would be modified by the difference of electroneg- 
ativity of X, where X represents a different atom such as 
hydrogen, (b) The transfer energy would be modified by 
a possible lattice distortion near the edge, (c) The band- 
filling factor would be modified due to the dipole moment 
of C-X bonds. It is our basic assumption that the carbon 
nanoribbon can be analyzed based on this Hamiltonian 
together with these three modifications. 

It is convenient to take a unit cell as shown in FigQIa). 
There are (4q + 2p + 2) carbon atoms in a unit cell of the 
nanoribbon indexed by (p, q) , as implies that the proper 
functions of the Hamiltonian H consist of (Aq + 2p + 2) 
Bloch wave functions |^). We take overlap integrals as 

(1> j \1>i)=S ij , (3-2) 

where Sij is Kronecker's delta. The tt bands of nanorib- 
bon are derived from the Hamiltonian H(k;p,q) with 
k the crystal momentum, which is a (4q + 2p + 2) x 
(4q + 2p + 2) matrix. The band structure is determined 
by 

det[eI-H(k;p,q)] =0, (3.3) 

where I is a unit matrix due to the overlap integral. 

Though the nanoribbon may have different values of 
Si and Uj for atoms on the edge from the others, as 
we have remarked, the difference is expected to be quite 
small. We first neglect the difference. Namely, we take 
the transfer energy to be t between all the nearest neigh- 
bor sites and otherwise to be 0. It is generally takenifi 
as t = — 3.033eV. We also neglect the site energy term 
in the Hamiltonian (|3.1|) by taking all the site energy Si 
equal. We discuss how the gap structure is modified by 
edge corrections in Section IvTTl 

We have solved the eigenvalue problem (|3.3j) numeri- 
cally for s. Typical band structures are shown in Fig. 03 
As is seen in the figures, band structures depend strongly 
on the parity of q, but only weakly on p. We also find the 
following: (a) For metallic nanoribbons, the Fermi point 
of even q is at k = tt, and that of odd q is at k — 0. (b) 
For semiconducting nanoribbons, the band gap minimum 
of even q is at k = tt, and that of odd q is at k = 0. 

As a main result we display an overview of the band 
gap structure of nanoribbons in Fig. 21 Gapless states 
(represented by black squares) are metallic, and gapfull 
states (represented by all other squares) are semicon- 
ducting. There are a variety of semiconducting nanorib- 
bons from almost gapless ones (represented by dark gray 
squares) to large gapfull ones (represented by light gray 
squares) . We observe clearly three emergence patterns of 
metallic points: (a) Metallic points (p, 0) for all p. (b) 
Metallic points (p, 1) with p = 2, 5, 8, 11, • • • . (c) Several 
sequences of metallic points on "streams" in valleys. We 
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FIG. 3: The band structure of nanoribbons. The horizontal 
axis is the crystal momentum k, —tt < k < tt, while the 
vertical axis is the energy e, — 3|£| < e < 3 \t\ with \t\ = 
3.033eV. The band structure depends strongly on the index q 
for fixed p, but depends on the index p only weakly for fixed 

q- 



discuss (a) and (b) in Section llVl and (c) in Sections Ivl 
and EH 



IV. NANORIBBONS VERSUS NANOTUBES 

It is observed that nanoribbons indexed by (p, 0) are 
metallic for all p, which are in the polyacene series with 
zigzag edges [Fig. Eta)]. Nanoribbons indexed by (p, 1) 
with p = 2,5,8, 11,- •• are found to be also metallic, 
which have armchair edges [Fig. Etb) and (c)]. This 
series has period 3, as is a reminiscence of the classifica- 
tion rules familiar for nanotubes. The classification rule 
says that a nanotube is metallic when m — ri2 is an inte- 
ger multiple of 3, and otherwise semiconducting, where 
(ni, rt2) is a chiral vector of the nanotube. 

Let us explore the correspondences more in detail. 
There is a group of nanoribbons each of which is con- 
structed as a development of a nanotube by cutting it 
along the translational vector. For example, a zigzag 
nanoribbon (q = 0) with even p may be regarded as a 
development of the armchair nanotube whose chiral vec- 
tor is (p/2,p/2). All zigzag nanoribbons are metallic, as 
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FIG. 4: The band gap structure of nanoribbons. (a) The 
horizontal and vertical axes represent the indices p and q, 
respectively. Magnitudes of band gaps are represented by gray 
squares. Dark (light) gray squares represent small (large) gap 
semiconductors. Especially, metallic states are represented by 
black squares, (b) A bird's eye view. The vertical axis is the 
energy gap A in unit of \t\ = 3.033eV. Nanoribbons make a 
valley structure with stream-like sequences of metallic points 
in the pq plane. 



corresponds to the fact that all armchair nanotubes are 
metallic. As another example, an armchair nanoribbon 
(q = 1) with odd p may be regarded as a development of 
a zigzag nanotube whose chiral vector is 1) /2,0). 

Armchair nanoribbons are metallic with period of 3, as 
corresponds to the fact that metallic zigzag nanotubes 
emerge by period of 3. 

The correspondence between these metallic points may 
be explained by the absence of spiral currents in carbon 
nanotubes. Namely, currents flowing along the axis of 
nanotubes are not affected by cutting along the axis. 
There is no direct correspondence between chiral nan- 
otubes and nanoribbons for q > 2. 



V. SEQUENCE OF METALLIC NANORIBBONS 

It is remarkable that there are new series of discrete 
metallic points on one-dimensional curves in Fig0] These 
curves look like streams in valleys. The prominent ones 
are at (1,0), (2,1), (3,3), (4,6), (5,10), (6,15), We 
regard them to form the principal sequence of metallic 
points of nanoribbons. There are also sequences of metal- 
lic points on higher curves. 

We are able to derive the principal sequence analyti- 
cally. We start with the observation that the density of 
states at the Fermi energy is D(sy) ^ 0, if the band struc- 
ture of nanoribbons are gapless; otherwise, D(ef) = 0. 
This follows from the reflection symmetry around e = 
and the existence of one electron per one atom. The re- 
flection symmetry is due to a bipartite lattice structure 
of graphite^. Consequently, to investigate the metallic 
points, it is enough to analyze 

det [H (k;p, q)] =0. (5.1) 

We have D(ef) ^ if this equation has a solution, and 
the nanoribbon is gapless; otherwise it is gapfull. We find 
simple structures at q = and for q > p — 1. 

At q = 0, the determinant (|5.1|) is explicitly calculated 

as 

det[fT(fc;p,0)] = {-lf +1 t 2p+2 (Scos^j . (5.2) 

It vanishes for any p at k = 7r. Because of this, every 
zigzag nanoribbon is metallic. It follows that 

We have thus verified analytically that the flat band 
emerges for ^ < |fc| < tt when the width of nanorib- 
bons is wide enough, as confirms a previous numerical 
result, where the flat band has been argued to lead to 
edge ferromagnetism. 

For q = 1 and p = 3n — 1 with integer n, the determi- 
nant (|5.1|) has a factor such that 

k 

det [H (k;p, 0)] ex sin 2 -, (5.4) 

and the nanoribbon is found to be gapless at k = 0. 
For q>p—l, the determinant (|5.1|) is calculated as 

t -(4,+2 P+ 2) (.^p+ijet [H(k-p,q)} 
=p (p + 1) cos 2k 

+ {-If (p 2 +p + 2) (p + g + l)cos/c 

+ ( P + q + lf + P ^±^ + l. (5.5) 

We can prove that det [H (k;p, q)) = for a certain k 
provided that 

q= . (5.6) 
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Nanoribbons are metallic on the points (p, q) with inte- 
gers p and q with (|5.6|) . They constitute the principal 
sequence of metallic points. 

It is hard to solve det [H (k;p, q)] = analytically for 
q < p — 1, though the existence of solutions is clear by 
numerical analysis as in Fig0Ja). In this figure there 
are only three metallic points; the two points are (7, 2) 
and (22,11) on the second sequence, and the last point 
is (30, 8) on the third sequence. 

Metallic points on higher sequences are quite curious 
in this respect. We cannot tell how they arise system- 
atically. However, it may be useless to make efforts to 
distinguish between metallic and tiny-gap semiconduc- 
tor too seriously, since the simple tight-binding model 
we have used will not be accurate enough to predict 
completely vanishing band gaps. Nevertheless the val- 
ley structure with several "streams" will be a significant 
feature. Hence it is more interesting how the sequences 
made of MAM (metallic or almost metallic) points are 
located in valleys. 



VI. WIDTH-DEPENDENCE OF 
NANORIBBONS 

We have defined the width w of a nanoribbon by the 
formula (|2.3|) . We now argue that the sequences of MAM 
points are indexed by this width. 




1 2 3 4 W 



FIG. 5: The band gaps A in unit of \t\ — 3.033eV as a function 
of the width w. The band gap behaves inversely to w. Band 
gaps take local minima almost at the same values of the width 
w for any q. 

First, in FigEI we have depicted the band gap as a 
function of the width w for each fixed value of q. The 
band gap behaves inversely to w. This reminds us that 
the band gap of a carbon nanotube is inverse proportion 
to the radius. The characteristic feature is that all band 
gaps with different q take local minima almost at the 
same values of width w, w = 1,2,3, • • • . It indicates that 
nanoribbons with similar width share qualitatively the 
same electronic property. The first local minimum corre- 
sponds to the principal sequence, which may be regarded 
as an extension of the armchair nanoribbon indexed by 
(2,1). In the same way the n-th sequence may be re- 



garded as an extension of the armchair nanoribbon with 
(3n- 1,1). 




FIG. 6: Illustration of metallic points, sequences and equi- 
width curves. Metallic points are denoted by solid circles. 
Solid curves represent sequences of MAM points, while dotted 
curves represent the points (p, q) possessing the same width. 
The n-th sequnce is tangent to the equi-width curve with 
w = n at q = 1. These two curves become almost identical 
for sufficiently wide nanoribbons. 



DOS 




FIG. 7: The density of state (DOS) of the (1,0) nanoribbon. 
The horizontal axis is the energy e. There are many van-Hove 
singularity because of one-dimensional structure of nanorib- 
bon. 

Solving ea. (|2.3J) for p, we have 

P=-<Z + |^3(2g + l) 2 + 9. (6.1) 

In FigEOwe show the curves described by this equation 
and the sequences of MAM points. It is observed that 
the n-th sequence is almost tangent to the equi-width 
curve with w = n at q = 1. We are able to associate 
the sequences with the equi-width curves in this way. 
These two curves become almost identical for sufficiently 
wide nanoribbons. This result may be understood as 
follows. In the case of a continuous ribbon with no lat- 
tice structure, the only parameter is the width and the 
electronic property is determined by this parameter. We 
present another indication that the width w is an inter- 
esting parameter. We calculate the density of state of an 
arbitrary (p,q) nanoribbon numerically [FigEj. There 
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are many van-Hove singularities just as in nanotubes be- 
cause nanoribbons are also one-dimensional compounds. 
The global structure of the density of state is determined 
by van-Hove singularities. These peaks can be measured 
experimentally by Raman scattering£i2ii2±i2£. 
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FIG. 8: Plot of van-Hove singularities in the w-e plane. For 
a given (p, q) nanoribbon, we calculate the width w and the 
energies e at which van-Hove singularities develop. We have 
plotted the points (w, e) for q = 1, 2, 3, 4 and for all p in the 
region w < 3. A stripe pattern is manifest. 

We calculate the energies e at which van-Hove singu- 
larities develop due to the local band flatness at k = for 
various (p, g) nanoribbons. Note that the optical absorp- 
tion is dominant at k = because the dispersion relation 
e = ck with c the light velocity. On the other hand the 
width w is determined by p and q as in (12 .3|) . We show 
the energy £ of this peak as a function of w in FigOH 
A peculiar stripe pattern is manifest there. In particu- 
lar, the maximum and minimum values take almost the 
same values ±3|t|, reflecting the electronic property of 
a graphiteifi. The fact that there are on smooth curves 
justify a physical meaning of the width w. This stripe 
pattern would be accessible experimentally by way of Ra- 
man scattering. 




FIG. 9: Illustraion of edge carbons and bulk carbons. A gray 
circle denotes an edge carbon connected by two carbons and a 
hydrogen. A black circle denotes a bulk carbon connected by 
three carbons. The energy and the transfer energy associated 
with edge carbons are set to be £ e d ge and £ e d g e, respectively. 
Hydrogen atoms are omitted in this figure. 



First, the band-filling factor is affected by the dipole 
moment of C-X bonds. The change of electron number is 
given at most by the number of C-X bonds and is small 
for wide nanoribbons. This effect does not modify the 
band structure, but only changes the occupancy of the 
band. As a result, semiconducting nanoribbons tend to 
become metallic nanoribbons. 

Second, the transfer energy is affected by the change 
of the distance between two carbons near the edge. The 
distortion does not break the inversion symmetry of the 
band structure. Recalculating the band structure of var- 
ious nanoribbons, we have found that the difference is 
hardly recognizable. We show the band structure of the 
(5,0) nanoribbon in FigEJl assuming a large correction 
such that tedge = 0.7tbuik to make the difference recog- 
nizable. 





VII. EDGE CORRECTIONS 

We finally study how the gap structure is modified by 
the existence of edges in a carbon nanoribbon. All carbon 
atoms in a carbon nanotube are equivalent in the sense 
that each of them is always surrounded by three carbon 
atoms. In contrast, this is not the case for a nanorib- 
bon, where a carbon on the edge has less neighboring 
carbon atoms. The presence of C-X bonds introduces 
carbon atoms on edge with a different nature. We as- 
sume that the edge effects can be taken into account by 
modifying the band-filling factor, the transfer energy Uj 
and the site-energy E{ in the Hamiltonian (|3.1|) . We take 
Uj = ^edge and Si = e e dge for those associated with edge 
carbons, and Uj = tbuik and Si — £buik for bulk carbons 
[FigH. 




FIG. 10: (a) The original band structure of the (5, 0) nanorib- 
bon. (a') The band structure of the nanoribbon with the 
choice of £ e d g e = 0.7£buik- The difference is hardly recogniz- 
able. 

Finally, the site energy is affected by the difference 
of electronegativity of X. The effect is expected to be 
also very small because the site energy of tt electrons is 
mainly determined by carbon atoms. It breaks the in- 
version symmetry because the lattice of carbon atoms 
cannot be resolved into two sublattices any more2£. For 
this reason the Fermi energy is moved from £buik = 0. 
The recalculated band structure of zigzag and armchair 
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FIG. 11: (a) and (b); The original band structures of the (5, 0) 
and (2, 1) nanoribbons. (a') and (b'); The band structures of 
the nanoribbon with the choice of £ e d ge = £buik + 0.3£. The 
inversion symmetry is broken and the Fermi energy is slightly 
moved from £buik — 0. 



nanoribbons is given by assuming a large choice of the 
edge correction, £ e dge = £buik + 0.3t, in Fig[H] The mod- 
ification is small as expected, though some of metallic 
armchair nanoribbons become semiconducting. 

In general the transfer-energy correction must be 
smaller than the site-energy correction because the for- 
mer is due to a structural distortion while the latter is 
due to the electronegativity. The transfer-energy correc- 
tion will be negative by considering the expansion effect 
near the surface. On the other hand, the site-energy 
correction will be positive or negative if the relative elec- 
tronegativity of the edge atoms is positive or negative. 

We present an overview of the band gap structure of 
various (p, q) nanoribbons with the edge corrections by 
making a choice of £ e dge = ^buik + 0.05t and = 
0.99tbuik in FigG21 and by making a choice of £ e dge = 
£buik + O.lOt and £ e dge = 0.95tbuik in FigQ^l Comparing 
them with FigEJ some features of edge effects are mani- 
fest: (A) The valley structure with stream-like sequences 
remains as they are. (B) All zigzag nanoribbons remains 
gapless. (C) Armchair nanoribbons are most strongly af- 
fected. (D) Edge effects are negligible for wide nanorib- 
bons. 



VIII. DISCUSSION 

We have systematically studied and presented a gross 
view of the electronic property for a wide class of carbon 
nanoribbons. They exhibit a rich variety of band gaps, 
from metals to typical semiconductors. Zigzag and arm- 
chair nanoribbons have electronic properties similar to 
nanotubes, but other nanoribbons are quite different. It 
is remarkable that there exist sequences of metallic or al- 
most metallic nanoribbons which look like streams in val- 
ley made of semiconductors. They approach equi- width 
curves for wide nanoribbons. We have revealed a pe- 
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FIG. 12: The band gap structure of nanoribbons with the 
edge correction £ e d ge = £buik + 0.05£ and £ e d g e = 0.99tbuik- 
See Fig. 4 for other details. Nanoribbons make a valley struc- 
ture with stream-like sequences of almost metallic points in 
the pq plane. Zigzag nanoribbons remains gapless. Armchair 
nanoribbons are most strongly affected by edge corrections. 



culiar dependence of the electronic property of nanorib- 
bons on the width w. These characteristic features are 
not affected strongly by edge corrections even for narrow 
nanoribbons. 

In our analysis we have employed the nearest-neighbor 
tight-binding model. It is worthwhile to calculate band 
gaps by more rigorous methods such as a density- 
functional theoTy^^^^. It is interesting to examine 
whether metallic points on the sequences we have dis- 
covered remain gapless in these calculations. We also 
note that edge corrections have been calculated by a 
tight binding density-functional method in several cases 
for other materials£ia22i22iiSiii. Needless to say it is 
an extremely hard task to carry out these calculations 
and practically impossible to make a systematic analysis 
based on them. Our results on the electronic property 
of carbon nanoribbons will be useful as a guidepost for 
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those advanced studies. 




In passing, we remark that experimental studies of 
nanoribbons are just in the beginning stage2ii2Si2& in 
comparison with the study of nanotubes. This may 
be due to a difficulty of manufacturing and selecting 
good samples, but the recent technical developing will 
soon solve this problem. The band gap study of various 
nanoribbons presented in this paper may be a basic step 
for various application of carbon nanoribbons. 



FIG. 13: The band gap structure of nanoribbons with the 
edge correction £ e d ge = £buik + O.lOt and £ e d g e = 0.95£buik- 
See Fig. 4 for other details. Nanoribbons make a valley struc- 
ture with stream-like sequences of almost metallic points in 
the pq plane. Zigzag nanoribbons remains gapless. Armchair 
nanoribbons are most strongly affected by edge corrections. 



The author is very thankful to Professors H. Aoki and 
R. Saito for various stimulating discussions. 
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